ABSTRACT: This study reports on the isolation and characterization of capelin Mallotus villosus DNA microsatellites and their potential use in population genetic studies. High numbers of dinucleotide repeats were detected among the isolated microsatellites. Primers and polymerase chain reaction conditions were developed for 17 polymorphic microsatellite markers, and in a test panel of 60 capelin the number of alleles at each locus ranged from 4 to 63, and observed heterozygosity ranged from 0.11 to 0.95. Six loci showed an excess of homozygotes, presumably due to the presence of null alleles. The 11 other loci showed statistically significant population differentiation between samples from the NE and NW Atlantic, while little differentiation was detected within each of these regions.
INTRODUCTION
Capelin Mallotus villosus (Müller, 1776) (Osmeridae) is a small (20 cm), pelagic schooling fish native to the marine waters of the Northern Hemisphere. The capelin exhibits a mosaic of spatially or temporally separate spawning aggregation throughout its distribution area. Large shoals of capelin migrate toward the coasts to spawn, and differences in arrival time for spawners, in location of spawning sites, and in depth of spawning, i.e. bank and beach spawners, have led to the hypothesis that there is a genetic component to the differences in life history traits (e.g. Stergiou 1989 , Dodson et al. 1991 , Carscadden et al. 1997 . Studies of the degree of genetic differentiation among populations of capelin have mainly used polymorphic proteins and mtDNA as genetic markers. Whereas largescale differentiation has been reported, e.g. separating western and eastern Atlantic stocks (Dodson et al. 1991 , Birt et al. 1995 , investigations on smaller geographic scales have led to less conclusive results (Mork & Friis-Sørensen 1983 , Sørensen & Simonsen 1988 , Dodson et al. 1991 , Roby et al. 1991 . The use of microsatellites as genomic DNA markers to analyze the processes of genetic drift and gene flow has increased rapidly over the last years for various species including fish (cf. Carvalho 1998) . As yet, however, there are no published reports of microsatellite markers in capelin. Thus, our primary objective for this study was to isolate and characterize microsatellites for capelin population genetic studies.
MATERIALS AND METHODS
Capelin was collected from 3 sites in the NE Atlantic (NEA) and 2 sites in the NW Atlantic (NWA). The NEA samples were caught in the Barents Sea, north of Svalbard (82°N, 8°E) in February 1999 (N = 44) , and in 2 fjords in northern Norway: Porsangerfjord, sampled in Approximately 100 to 200 mg of frozen or EtOHpreserved gill tissue were used to extract DNA by the salt-extraction procedure in accordance with Fevolden & Pogson (1997) . Microsatellites were isolated following a standard screening protocol. Briefly, capelin genomic DNA was partially digested with Sau3AI and sizeselected fragments (400 to 800 bp) were isolated and ligated into the BamH1 site of the BluescriptSK+ plasmid. The library was screened for inserts containing microsatellites with a synthetic (GT) 10 oligonucleotide end-labelled with γ 32 PATP. Positive clones in a secondary screening were randomly picked and sequenced with dye terminator chemistry on an ABI Prism 310 automated sequencer. Readable sequences were obtained from 50 clones. Only dinucleotide repeats of 6 or more perfect units were used for further analysis.
Primer pairs flanking dinucleotide repeats were identified in 19 different microsatellites so that the polymerase chain reaction (PCR) products were approximately 100 to 250 bp in length. The forward primers were end-labelled with fluorescence and the PCR were performed in 10 µl reaction mixtures containing 20 to 40 ng of genomic template DNA, 2 pmol of each primer, 50 mM KCl, 1.5 mM MgCl, 10 mM Tris-HCl, 0.2 mM dNTP and 0.5 U AmpliTaq (ABI). A denaturation phase at 94°C for 5 min was followed by 30 cycles of: 95°C for 1 min, 30 s annealing temperature as given in Table 1 , and 72°C for 1 min. A final extension of 72°C for 10 min was performed. The PCR products were electrophorised using an ABI Prism 310 automated sequencer. Amplification products were tested for variability in a panel of 60 capelins randomly picked from the 3 sampled locations in the NEA. Sex was determined for 25 individuals (10 males and 15 females).
The computer package GENEPOP, Version 3.1 (Raymond & Rousset 1995), was used to test for genotypic disequilibrium among the loci used and for conformity to Hardy-Weinberg equilibrium (HWE) and for exact G-tests of allele frequency homogeneity both among sampling years within populations and among populations for pooled values over years. All tests used Markov chain algorithm as implemented in the program (dememorization 1000, batches 100, iterations per batch 1000). FSTAT, Version 2.9.3.2 (Goudet 1996) , was used for estimates of allele richness and Nei's (1987) unbiased estimates of heterozygosity within each population, and for tests of differences in these parameters among populations in the NEA and NWA.
The extent of population differentiation was quantified by Weir & Cockerham's (1984) estimator of pair-wise F ST values using bootstrap and jack-knife resampling procedures and Bonferroni corrections for pair-wise significance, as implemented in this program.
RESULTS
Microsatellite repeats were relatively common in the capelin genome. Sequencing of 50 randomly picked positive clones yielded 42 with perfect dinucleotide repeats with 6 or more tandemly repeated units. Among them, 16 contained 2 or more clearly separated dinucleotide repeats. Several clones contained large microsatellites, the longest consisting of 100 repeat units (Table 1) . For some clones we were unable to sequence through the insert due to long repeat arrays. Among the 19 primer sets designed, 2 produced no product in the PCR, while 17 gave satisfactory amplification results and showed polymorphism within the test panel. Table 1 shows repeat sequences, primer sequences, annealing temperature, length of fragments amplified, number of alleles and observed and expected heterozygosities for the 17 microsatellites obtained for the test panel. All 60 individuals could be scored in all microsatellites except Mav-93, for which only 21 individuals amplified a product. No loci appeared to be duplicated (i.e. presence of more than 2 alleles within an individual).
The 17 microsatellite loci showed a wide range of genetic variability, with the number of alleles detected at each locus ranging from 4 to 63 and observed heterozygosity ranging from 0.11 to 0.95 (Table 1) . The mean values of number of alleles and expected heterozygosity were 20.4 and 0.84 respectively. Six loci showed highly significant (p < 0.0001) deviation from HWE (Table 1 ). An excess of homozygous individuals was detected in these loci, probably indicating presence of null alleles due either to no amplifiable alleles or to drop out of larger alleles owing to competitive PCR amplification of smaller alleles. The deviation in Mav-4 and Mav-93 may possibly be due to sex-linked location of these loci as no heterozygous males were detected. Heterozygous males were recorded for the other microsatellites, suggesting autosomal inheritance for these loci. The 6 loci that highly deviated from HWE were not used in further population differentiation analyses.
The exact tests for sample differentiation across the 11 loci used revealed no significant differences in allele frequency distribution between sampling years in Porsangerfjord (p = 0.45) and Balsfjord (p = 0.47). The data for different years within those fjords were therefore pooled for subsequent analyses. All 11 loci were polymorphic with high allelic diversity and heterozygosity in all samples. Altogether 274 different alleles were recorded, with mean number of alleles over loci ranging from 14 in Conception Bay to 20 in Porsangerfjord. The mean of Nei's (1987) unbiased estimates of heterozygosity ranged from 75% in Trinity Bay to 81% in Barents Sea. Estimates of allelic richness, which is a measure of the number of alleles independent of sample size, gave very similar values for the 5 sampling sites, ranging from 11.4 in Balsfjord to 11.7 in Conception Bay. Tests of differences in gene diversities among the NEA samples and the NWA samples revealed no significance in estimates of allele richness, observed heterozygosity or Nei's (1987) unbiased estimates of heterozygosity.
With 5 samples and 11 loci, there were 55 tests for HWE among which 5 were significant (0.01 > p > 0.05), which is similar to that expected due to Type 1 error. The 5 significant deviations were all spread among different loci. The global tests across all loci revealed no significant deviation for any of the sampled populations. Exact tests for linkage disequilibrium between microsatellite loci across all populations showed no significant linkage. The allele frequency differences among the sampled populations were not large, yet the exact tests for population differentiation revealed significant differences (p < 0.001) for all loci combined and for 10 out of the 11 loci independently, most of which were between the NEA and the NWA sites ( tion differentiation for all pair-wise comparisons between samples from the NEA and NWA with a mean (± SE) F ST value of 0.030 (± 0.010).
The exact tests for population differentiation over all loci within the NEA and NWA gave small, yet statistical significant, differences between Barents Sea and Porsangerfjord (p = 0.013) and between Porsangerfjord and Balsfjord (p = 0.005). Both the exact tests and the F ST estimates showed that within the NEA the differences between the 2 Norwegian fjords were generally greater than when comparing the fjords and the Barents Sea (Table 2) . Four loci showed significant differences between the 2 fjords while only 1 locus showed significant difference between the Barents Sea and the Porsangerfjord. Neither the exact tests over all loci nor the F ST statistics revealed significant differences between the samples from the Barents Sea and Balsfjord or between the 2 samples in the NWA.
DISCUSSION
In this study we report the isolation and development of original microsatellite loci for use in capelin population discrimination. Many of the capelin microsatellites were characterized as being relatively long and with high allele variation. This supports the trend that fish has longer microsatellites and more alleles than other vertebrate classes (DeWoody & Avise 2000 , Neff & Gross 2001 . In the present reference panel of capelin, the mean number of alleles and heterozygosity were 20.4 and 0.84 respectively, similar to values reported for marine fishes by DeWoody & Avise (2000) (mean number of alleles = 19.9 and mean heterozygosity = 0.77). These authors reported that marine fish species have greater microsatellite allele variation than freshwater and anadromous fish species and that this is consistent with the increased evolutionary effective population sizes of marine fishes. The effective population size of capelin is in the order of billions for large oceanic stocks (Gjøsaeter 1998) .
Eleven of the 17 loci that conformed to HardyWeinberg expectations showed no evidence of linkages and covered a broad range of degree of polymorphism, which suggests that these loci are very suitable for studies of population divergence in capelin. Possibly null allele and/or 'drop out' artefacts reduced the reliability of population analysis for the other 6 loci. The allele frequency distribution in the 11 remaining microsatellite loci is indicative of relatively little genetic differentiation among the sampled sites within both the NEA and the NWA. Highly significant differentiation was detected between these 2 regions. Significant genetic divergences of capelin between the NEA and NWA together with minor differentiation within each of these regions are in accordance with previous reports (Mork & Friis-Sørensen 1983 , Dodson et al. 1991 , Roby et al. 1991 , Birt et al. 1995 . To determine whether the low level of differentiation detected has biological significance, we have refined our sampling strategy by expanding the geographic area on a large scale and by including more fjords with presumably local stocks of capelin. Table 2 . Mallotus villosus. Genetic differentiation among samples of capelin from 3 locations in the NE Atlantic (NEA; Barents Sea, Porsangerfjord, and Balsfjord), and from 2 locations in the NW Atlantic (NWA; Conception Bay and Trinity Bay). The estimator of pair-wise F ST -values are given below the diagonal, and the significance levels (p) of the exact test for genetic differentiation for each population pair across all loci are given above the diagonal. Number of loci with significant (p < 0.05) differences is given in parentheses
